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A B S T R A C T

Friction surfacing (FS) is a solid state layer deposition technique with a simple setup, presenting advantages
compared to fusion-based approaches. Previous investigations showed microstructural gradients along layer
width and thickness. The current study provides new insight into the FS layer formation for aluminum and
its relation with the microstructure evolution. Special consumable studs containing two different aluminum
alloys were used to visualize the different materials in the resulting deposit. The investigation was performed
at different process parameters, revealing some fundamental material flow characteristics. The layer center
presents inner stud material, where advancing side and top are formed by outer stud material. The bottom
and retreating side present a mixture of inner and outer stud material. The part of the layer that is formed
by the outer material, presumably undergoes higher strain rates during deposition, presenting finer grains.
The top of FS layers shows a pronounced texture, i.e. shear texture components, compared to the other parts
with random texture. This phenomenon can be related to the shearing of the stud material between already
deposited material below and the stud at its rear edge. Overall, the FS layer formation characteristics revealed
in this study are directly related to local microstructural properties.
1. Introduction

Solid state layer deposition approaches offer several advantages
compared to fusion-based processes. The remaining challenges of
fusion-based approaches are complex, for instance for aluminum al-
loys, porosity formation or heterogeneous microstructures consisting
of strongly oriented columnar grains can be present [1]. Porosity
is often formed in the inter-layer regions, i.e. between subsequent
layers, resulting in anisotropic behavior of the deposited structure [2].
Additionally, strong thermal gradients within the structure, resulting
from the high process temperatures necessary for material melting,
might lead to hot cracking [3] as well as significant residual stresses
and distortion [4]. Since layer deposition techniques are the basis
for additive manufacturing approaches, the effects during subsequent
layer deposition can detrimentally influence the properties of the final
structure.

Most of the above mentioned issues can be avoided via solid state
deposition techniques, in particular due to the lower process tempera-
tures [5]. The friction stir-based solid state layer deposition techniques
are suitable to process a wide range of similar and dissimilar material
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Geesthacht, Germany.
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combinations, even materials considered non-weldable [6]. One of
these techniques is the friction surfacing (FS) process, where its fea-
sibility for multi-layer or solid state additive manufacturing structures
has already been shown [7,8]. The solid state layer deposition via FS
is based on friction and plastic deformation and does not necessitate a
non-consumable tool. Instead, a consumable stud is used to deposit a
layer. The FS process can be divided in two phases: In the first phase,
the plasticizing phase, the consumable stud is positioned above the
substrate surface and experiences a rotational speed and an axial force.
The rotating stud is pressed on a substrate, which leads to frictional
heat at the materials’ interface and deformation and plasticizing of
the consumable stud’s tip. When the tip of the stud is plasticized, the
second process phase is initiated, the deposition phase. Here, a relative
translational movement between plasticized consumable material and
substrate is superimposed and enables the deposition of the consumable
stud material onto the substrate as a layer. The process is ended
with the retraction of the remaining stud material when the desired
deposition length is achieved.
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The characterization of multi-layer structures built via the FS prin-
ciple is available in the literature and presents promising mechanical
properties as, for instance, Rath et al. [9] could not observe a significant
directional dependency in terms of tensile strength. The FS deposited
layers typically present a significantly refined microstructure enabled
by dynamic recrystallization [10], leading to improved mechanical
properties. The microstructure of a FS deposited layer shows slight
trends along layer width and thickness and also depends on the process
parameters as reported by Rahmati et al. [11]. The study [11] presents
a difference in grain size between upper and lower part of the layer,
where a decrease in average grain size for decreasing axial feeding
rate, increasing travel speed and decreasing rotational speed for FS
of AA2024 over AA1050 was reported. In terms of rotational speed
affecting the average grain size, similar observations were reported by
Yu et al. [12] for FS of AA6061 over carbon steel. A recent investigation
by the authors [13] in terms of average grain size along build direction
for multi-layer FS structures revealed that the grains are slightly smaller
on top and bottom of the individual layers, being a fundamental
characteristic of FS layers as this could be shown for two different
aluminum alloys, i.e. AA2024 and AA5083, and for different process
parameters. Ehrich et al. [14] investigated the grain size within the FS
layer along width, i.e. on the advancing side, center and retreating side.
The analysis showed smaller grains at the advancing side of the deposit
compared to retreating side and center. Overall the slight gradients
in grain size were associated with the complex material flow during
FS layer deposition [15], which leads to varying plastic strain and
temperature condition not only for varying process parameters but also
along width and thickness within a layer.

The layer formation during the deposition process still needs an
in-depth investigation to understand the aforementioned trends in FS
deposit’s microstructure. This knowledge is crucial to tailor the mi-
crostructure and therefore the properties of a deposited structure,
which is still an open subject in literature. The novelty in the present
study lies in the use of special consumable studs consisting of two
different aluminum alloys to analyze the material flow behavior in
depth. Powder [15,16] or chip material [17], which is inserted in the
consumable stud, can also be used as tracer; however this can cause
instabilities in the material flow [15]. Similar approaches were also
used for other friction-based solid state layer deposition techniques,
for instance, additive friction stir deposition [18]. Even though the
principle of this layer deposition technique is closely related to FS, there
are significant differences in the deposition mechanism due to the use
of a non-consumable tool, which is assumed to drastically affect the
material flow. For that reason, the discussion of the results obtained by
this work will not include an in-depth comparison to results for other
solid state layer deposition technologies available in the literature.

Compared to the powder and chip materials recently used in the
literature [15–17], which cause process instabilities, the special stud
configuration used in this study enables a continuous deposition pro-
cess. A similar approach was applied by Fukakusa [19] using stainless
steels with different ratios of the two materials to investigate which
parts of the stud form layer and flash. Even though the use of two
different materials in one stud configuration can affect the process
behavior due to different thermal softening (rates) and flow stresses
of the two materials used, it allows to continuously visualize and
analyze the layer formation for different process parameters in this
study. In addition, samples obtained from stop action experiments are
analyzed at different positions and provide a valuable insight into the
material transfer from consumable stud into the layer. The fundamental
characteristics of the FS layer formation are identified and interlinked
with microstructural characteristics as well as hardness. For reference
purposes, results were also obtained for deposits from single material
studs. An in-depth understanding of the FS deposition process is gained
and correlated with previous findings, which is important knowledge

when developing the FS process further towards application. p

2 
Table 1
Overview of stud configuration and process parameters.
Sample Stud material Force Rotational speed Travel speed

[kN] [rpm] [mm/s]

1 AA2024/AA5083 8 800 6
2 AA2024/AA5083 6 800 6
3 AA2024/AA5083 10 800 6
4 AA2024/AA5083 8 600 6
5 AA2024/AA5083 8 1000 6
6 AA2024/AA5083 8 800 4
7 AA2024/AA5083 8 800 8
8 AA5083 8 800 6
9 AA2024 8 800 6
10 AA5083 8 600 6
11 AA2024 8 600 6
12 AA5083 8 1000 6
13 AA2024 8 1000 6

2. Materials and methods

The FS layers in this study were deposited force-controlled at room
temperature using the friction welding machine RAS (Henry Loitz
Robotik, Germany). AA2024-T3 substrates (length 250 mm, width
100 mm, thickness 3.7 mm) were used for all experiments of this
study. An 8 mm thick AA2024 plate was placed below the substrate
as a backing. In order to visualize the layer formation behavior, a
special stud configuration was used, which consists of two parts, i.e. an
inner and an outer material. For the outer part of the stud (length
100 mm, diameter 20 mm), AA2024-T351 was used, presenting an
8 mm hole for the inner part. The inner part of the stud (length 100 mm,
diameter 8 mm) was AA5083-H112, which was inserted in the outer
part, Fig. 1(b). This stud configuration was used to visualize the flow
of the different materials during the layer formation and to investigate
the influence of the three main process parameters, i.e. rotational
speed, axial force, and travel speed, Table 1. In addition and for
comparison purpose, common studs, i.e. consisting only of one single
material, (length 100 mm, diameter 20 mm) were used for AA2024-
T351 as well as AA5083-H112 at previously used process parameters,
see Fig. 1(a) and Table 1. The common studs are used to validate the
results obtained from the layer formation investigation, as these results
represent the general layer formation behavior during conventional FS.
The deposition length for all layers was selected to be 90 mm. The
deposition processes were stopped without retraction of the stud from
the layer after achieving the pre-programmed deposition length. This
stop action procedure1 allows the investigation of cross and longitu-
dinal sections where the consumable stud material is still attached to
the corresponding deposit. Especially for the stud configuration with
different inner and outer material, this method allows valuable insights
into the layer formation behavior i.e. the material flow during FS
layer deposition. The obtained samples were investigated at different
positions, which allow a quasi-3D analysis of the layer formation for
the respective cross and longitudinal sections.

After layer deposition, cross sections were cut from the deposits and
were prepared using common metallographic practices, i.e. grinding
with 320 and 4000 grid SiC paper for two minutes each, followed
by polishing with 1 μm diamond suspension for four minutes. The
samples for the electron backscatter diffraction (EBSD) investigation
underwent vibration polishing using Vibro-Met2 vibratory polisher
(Buehler, Germany) with a 0.02 μm silica suspension for additional four
hours.

The different materials within the layers are revealed by etching,
using a solution containing 5.0% sulfuric acid (H2SO4), 2.5% hydroflu-
oric acid (HF) and 92.5% distilled water (H2O) for 10 seconds. The

1 No additional cooling was applied during stop action of the deposition
rocess.
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Fig. 1. Schematic of stud material used, with common stud material cross section (a) and stud with outer and inner material cross section (b).
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olution etches AA2024 faster than AA5083, leading to an enhanced
ontrast using the optical microscope VHX-6000 (Keyence, Germany).
he images of the cross sections were further analyzed using Trainable
eka Segmentation plugin for ImageJ, which enables the segmentation
y the stud materials, coloring each material differently. Based on the
umber of pixels, the segmentation allows the calculation of the total
rea and percentage of AA2024 and AA5083 present in the deposit.
The scanning electron microscope Quanta 650 FEG (Thermo Fisher

cientific, USA) equipped with an EDAX EBSD detector of the Ve-
ocity series and an EDAX Octan Elect Super energy-dispersive X-
ay spectroscopy (EDS) detector (both AMETEK, USA) was used for
he microstructure investigation and the chemical analysis of the lay-
rs, respectively. The analysis of the EBSD data was performed using
he MTEX toolbox, version 5.8.1, in MATLAB (The Mathworks, USA).
rains are defined by a misorientation angle of 5◦ and a minimum

number of 5 pixels. Grains with a misorientation angle less than 15◦ are
considered as low angle grain boundaries (LAGBs), whereas grains with
a higher misorientation angle represent high angle grain boundaries
(HAGBs).

Hardness testing was conducted using an automated hardness ma-
chine DuraScan 70 G5 (EMCO-TEST GmbH, Austria), following the
guidelines specified in DIN EN ISO 6508-1 [20]. The pyramid shaped
Vickers indenter has a 136◦ opening angle and applied a load of
.1 kg at a holding time of 10 seconds. The test points were positioned
quidistant at 0.15 mm from each other.

. Results and discussion

.1. Layer formation analysis

nalysis of deposit cross sections
The process parameters employed using an inner (AA5083) and an

uter (AA2024) as well as common (only AA2024 or AA5083) stud
aterial led to overall stable deposition behavior for all experiments.
ll layers deposited show a rough surface as well as unbonded parts
f the deposit on advancing side and retreating side, which is process-
haracteristic. An exemplary cross section is shown in Fig. 2, where the
S layer is formed by inner and outer stud material. Via EDS analysis,
oth materials can be clearly distinguished by their main alloying
lements, see Fig. 2. The distribution of inner and outer stud material
ithin the deposit presents some general characteristics that are inde-
endent of the process parameters, as shown in Fig. 3, including the
orresponding layer material segmentation. In general, five different
ones in the deposits can be distinguished, i.e. bottom part, top part,
dvancing side, retreating side and center, see Fig. 3 Sample 1 and

chematic.

3 
However, the characteristics of these different zones, see Fig. 3
Schematic, are influenced by the process parameters. For instance, a
decrease of axial force results in a significantly thicker top part of the
layer (Fig. 3 Sample 2) compared to high axial forces (Fig. 3 Sample
3). A similar behavior is observed for a decreased rotational speed
(Fig. 3 Sample 4) as well as for a decreased travel speed (Fig. 3 Sample
6). Similar to the top, the outer stud material can be found at the
bottom and on the advancing side of the deposit. However, for increas-
ing values of axial force and rotational speed, slight mixing2 on the
dvancing side can be observed (Fig. 3 Sample 3 and 5). A change
f travel speed does not influence the material mixing on advancing
ide, Fig. 3 Samples 6 and 7. Enhanced mixing in the bottom part of
he layers is observed for an increasing axial force (Fig. 3 Sample 3)
nd rotational speed (Fig. 3 Sample 5) as well as a decreasing travel
peed (Fig. 3 Sample 6). In all layers and for all parameters, there is a
trong mixing of both materials on the retreating side, while only the
nner stud material is present in the center of the layers. The size of
his central region increases for increasing axial force, rotational speed
s well as decreasing travel speed.
The effect of process parameters on the deposit thickness and width

s well known, see for instance [21,22], and no further discussion of it
s included here for brevity. The results in terms of deposit geometry
re presented in Table 2. In addition to the effects already known, the
resent study shows that the process parameters have significant effect
n the ratio of inner and outer stud material in the deposited layer as
ell as on the distribution of the inner material within the deposited
ayer, i.e. on the layer formation.
According to Fukakusa [19], the material in the center of the

tud forms the layer, whereas the peripheral material forms the flash.
herefore, the term ‘contact radius’, 𝑟𝑐 , had been defined. The value of
𝑐 describes the radius of the assumed area of the stud material that is
n contact with the subjacent material and contributes to the formation
f the layer. It is calculated by

𝑐 =
√

𝐴 ⋅ 𝑣
𝜋 ⋅ 𝑣𝑐𝑟

, (1)

here 𝐴 is the layers’ cross sectional area,3 𝑣 the travel speed and 𝑣𝑐𝑟
the stud consumption rate. Table 2 presents the resulting 𝑟𝑐 values for

2 No significant chemical mixing could be observed from the FS deposits’
ross sections using the two-materials studs. Mixing in this context means a
eterogeneous mixture, where both alloys exist in certain areas but can still
e distinguished, e.g. by different contrasts after chemical etching or by EDS
easurements, see Fig. 2.
3 The cross sectional area 𝐴 has been determined by the image segmen-

tation performed in ImageJ, where deposit thickness 𝑡 and width 𝑤 were

determined from the images taken via light microscope.
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Fig. 2. Exemplary EDS scans for reference Sample 1 (a) showing the main alloying elements Cu (b) and Mg (c), indicating no chemical mixing of the two different aluminum
alloys used.

Fig. 3. Macrograph and corresponding image segmentation for FS layers deposited at different process parameters using two stud materials, i.e. AA2024 (outer material) and
AA5083 (inner material). Overall, all layers present process-typical characteristics, i.e. unbonded edges on both sides and rough surfaces.
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Table 2
Overview of deposit geometries, average stud consumption rate 𝑣𝑐𝑟, assumed contact radius 𝑟𝑐 , and percentages of inner and outer material for
the processes parameters used. The sample number corresponds to the experiments listed in Table 1.
Sample Thickness Width Area Consumption

rate
Contact
radius

Percentage Percentage

𝑡 𝑤 𝐴 𝑣𝑐𝑟 𝑟𝑐 AA5083 AA2024
[mm] [mm] [mm2] [mm/s] [mm] [%] [%]

1 1.26 20.29 22.70 1.30 5.77 35.30 64.70
2 1.35 16.37 19.57 0.85 6.63 20.45 79.55
3 1.40 21.78 26.16 2.12 4.85 51.28 48.72
4 1.52 19.78 29.37 1.27 6.65 29.93 70.07
5 1.10 19.72 17.79 1.78 4.37 57.54 42.46
6 1.62 22.55 32.63 1.27 5.72 40.07 59.93
7 1.10 18.62 16.33 1.48 4.79 32.65 67.34
8 2.39 21.93 43.39 2.16 6.19 100 –
9 1.20 19.30 20.42 1.31 5.46 – 100
10 3.20 23.31 60.00 2.18 7.25 100 –
11 1.75 19.58 28.86 1.49 6.08 – 100
12 1.89 19.49 31.00 2.35 5.02 100 –
13 1.08 19.69 18.06 1.26 5.23 – 100
Fig. 4. The assumed contact radius 𝑟𝑐 is in direct relation with the percentage of inner (AA5083) and outer (AA2024) stud material in the respective deposit obtained via the
cross sections’ image segmentation. A higher 𝑟𝑐 value means that more outer material is within the zone that forms the deposit, represented by a higher percentage of outer stud
material (AA2024).
all experiments performed as well as the ratio of inner and outer stud
material in the deposit.

Fukakusa [19] stated, that 𝑟𝑐 decreases with increasing rotational
speed and axial force, which is also observed in this study. Additionally,
a recent study by Agiwal et al. [23] presented that the ratio of the
contact radius to the initial consumable stud radius is influenced by
the tangential velocity. For higher axial forces, the stud consumption
rate 𝑣𝑐𝑟 increases faster than the area of the layer, resulting in lower 𝑟𝑐
values. For higher rotational speeds, the layer area decreases whereas
the stud consumption increases, which both lead to lower 𝑟𝑐 values.
onsidering the special stud design used in this study for the visualiza-
ion of the FS layer formation, a larger contact radius means that more
uter material is within the zone that forms the deposit, represented by
higher percentage of outer stud material (AA2024), see for instance
ig. 3 (Sample 2). On the other hand, a smaller contact radius leads to
he fact that mainly inner material is within the contact area forming
he deposit, see for instance Fig. 3 (Sample 3). Fig. 4 shows this trend
and summarizes all 𝑟𝑐 values and the corresponding layer percentages.

The FS deposition behavior, for instance, considering the deposit
thickness and feed rate, for the special purpose two-materials studs
(inner and outer stud material) used in this study is more similar to
the respective AA2024 (common) studs than for AA5083 (common)
studs, Table 2, where the common studs are machined from one single
material only. Due to the fact that the AA2024 alloy presents a higher
strength at the FS process temperatures and since the consumable
5 
two-materials stud consists of a higher percentage of AA2024 than
AA5083, the AA2024 alloy significantly affects the feed rate of the two-
materials studs, i.e. the two-materials studs’ feed rates tend to be lower
than AA5083 feed rates. The comparison to the respective reference
depositions that have been performed with common studs made of one
single material presents an overall similar behavior and, therefore, the
two-materials stud are a reasonable approach to visualize the FS layer
formation.

Analysis of stop action experiments
In the following, the samples taken from the stop action experiments

are investigated in order to analyze the layer formation in the FS
process when the stud is still in contact with the deposit. Cross sections,
Fig. 5, and longitudinal sections, Fig. 6, were taken at different radial
positions of the stud for Sample 1, see Table 1. The investigation of
multiple positions within the stop action samples allows a continuous
analysis of the transfer of inner/outer stud material into the layer or
into the flash, respectively, i.e. a detailed understanding of the material
flow behavior during processing.

Fig. 5 (C.1) refers to a cross section at the rear edge of the stud in
a steady processing state, whereas (C.3) is close to the center and (C.4)
is the cross section at the front of the stud during the layer formation.
In this regard, Fig. 5 (C.1) represents the complete deposition, where
Fig. 5 (C.2 to C.4) show stages in terms of material flow during layer
formation. The outer stud material is deposited on the advancing side
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Fig. 5. Cross sections taken from stop action experiment of Sample 1, at different positions along the stud. AA2024 represents the outer material and AA5083 the inner stud
material.
and the bottom of the layer, whereas mixing of inner and outer stud
material occurs mainly on the retreating side. In the center, the region
of inner material is thicker near the center position of the stud, (C.2,
C.3) in Fig. 5, as compared to the final layer (C.1). Furthermore, for
he cross-sections near the center of the stud, the material at the top
onsists mainly of the inner stud material as it is flowing directly from
he inner part of the stud in the deposited shear layer. A significant
ifference between Fig. 5 (C.2, C.3 and C.4) is also the state of the
ayer formation on the retreating side. As can be seen from Fig. 5 (C.4),
the advancing side is formed first in front of the stud, whereas the
retreating side gradually forms towards the rear edge of the stud. The
observed material flow from advancing side to retreating side is in
agreement with findings reported by other studies [16,24]. The flow
of the material during the stud rotation from retreating side towards
advancing side at the rear edge of the stud is restricted by the already
deposited material, resulting in the deposit formation on the retreating
side. This results in two characteristic phenomena of the FS process.
Firstly, an offset between the center of the stud, Fig. 5 (C.2 to C.4),
and the center of the final layer, Fig. 5 (C.1). The layer is shifted
towards the advancing side, as discussed in literature extensively, see
for instance Gandra et al. [25]. Secondly, the material on the retreat-
ing side experiences consolidation towards the substrate for a shorter
amount of time compared to the advancing side, leading to more
pronounced unbonded edge regions, see retreating side in Fig. 5 (C.1).
This can also be observed in front of the stud, Fig. 5 (C.4), as the layer
did not yet experience compression towards the substrate by the stud
above, leading to initially significant bonding defects. Additionally, a
superficial layer of outer stud material forms on the top, which can be

observed at the rear of the stud material, Fig. 5 (C.1).

6 
The corresponding longitudinal sections of the stop action experi-
ment are shown in Fig. 6. On the advancing side, Fig. 6 (L.1), mainly
outer stud material (AA2024) is present which seems to be a fun-
damental phenomenon as previously discussed. The nature of the FS
deposition process, namely the rotational and translational movement,
hinders the inner stud material to flow from retreating side or center
towards the advancing side in front of the stud’s axis of rotation.
The section in Fig. 6 (L.2) is closer to the center and more inner
stud material is present in the layer, where there are also some thin
material flow lines pointing downwards. A low degree of mixing of
inner and outer stud material can be observed. Fig. 6 (L.3 to L.5)
present the longitudinal sections ± 2 mm from the center of the stud.
It is clearly indicated that the inner stud material forms the center of
the deposited layer. At the bottom, mainly outer material is present,
but in the region close to the center of the stud, areas mixed of inner
and outer stud material exist, Fig. 6 (L.4). In front of the rotational
axis of the stud, the material flows down towards the substrate surface,
where the layer material is not yet completely bonded to the substrate,
Fig. 6 (L.3b). Below the center of the stud, mainly inner stud material
is forming the layer. However, the bottom region of the layer is formed
by outer material, which is flowing in front of the studs’ rotational
axis from the advancing side towards the center during the rotational
and translational movement of the stud. Behind the centerline of the
stud, the top part of the layer is formed, consisting of outer material,
Fig. 6 (L.3a), which has been identified as fundamental characteristic
for this deposition process in the discussion above. From the stop action
experiment, it can be observed that this top part of the FS deposit is
formed at the rear edge of the stud. The longitudinal sections Fig. 6 (L.5
and L.6), which are at the retreating side, present a mixture of inner
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Fig. 6. Longitudinal sections taken from stop action experiment of Sample 1, at different positions along the stud. AA2024 represents the outer material and AA5083 the inner
stud material.
and outer stud material in almost the whole layer formed. An exception
is the top part of the layer consisting of outer stud material only.

Overall, the stop action experiments present a characteristic flow
and layer formation behavior similar to the observation from the cross
sections presented in Fig. 3 in terms of inner and outer stud material
distribution within the final layer. Additionally, an insight into the
layer formation and distribution of inner and outer stud material below
the stud could be gained. The inner stud material forms the center
of the layer and is also present at the bottom and on the retreating
side, where it is mixed with outer stud material. The advancing side is
mainly formed by outer stud material similar to the top part, where
the latter was observed to be formed at the rear edge of the stud
during the FS deposition process. The special stud configuration of

the present study enabled the visualization of FS-characteristic layer

7 
formation patterns of aluminum alloys, however, it is assumed that the
results are directly transferable to the layer formation using common
(single material) studs. This assumption is based on the observation that
the same layer formation behaviors were obtained for different special
consumable studs made of different aluminum alloy combinations, see
Appendix A. Therefore, experiments performed with only one stud
material (Samples 8 and 9) are selected for the in-depth microstructure
analysis in the following.

3.2. Correlation of microstructure with layer formation

For the analysis of the microstructure, five positions in regions
that showed significant differences in layer formation were selected,

i.e. advancing side, top, center, bottom and retreating side. The layers
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Fig. 7. Inverse pole figure maps of samples 8 (AA5083) and 9 (AA2024) in all scanned regions.
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or this investigation were deposited with studs containing only one
aterial, i.e. AA2024 or AA5083, respectively. The scans in the top
egion, the advancing side and the retreating side were performed at
he edge of the layer, the bottom region was scanned directly above
he layer-to-substrate interface. The inverse pole figure maps of similar
rocess parameters for both alloys (Samples 8 and 9, Table 1) are
isplayed in Fig. 7. In all investigated regions, an equiaxed grain
orphology is observable, see Appendix B. As already known from
revious studies [11,13,14], the grain size within the layer presents
light gradients, which can be directly related to the above mentioned
ayer formation phenomena. The average grain size in the center of the
ayers is the largest, i.e. 1.44 ± 0.66 μm (AA2024) and 3.19 ± 1.97 μm
AA5083). It decreases towards the other regions of the layers. In
he layer formation analysis, those regions mainly or only contained
uter stud material. There are different aspects influencing the grain
ize after plastic deformation and recrystallization. Temperatures and
ooling rates during processing affect the resulting microstructure. For
nstance, Rahmati et al. [11] found smaller grains at the bottom of the
ayers due to higher heat dissipation into the substrate. Additionally,
he strain rate is another important factor, which is approached via
umerical models [26,27] as it can hardly be assessed via experimental
nvestigations. The two-materials stud configuration used in this study
llows the qualitative visualization of the relation between position
8 
f the respective material in the stud and within the deposit. The
reater the distance of the radial position from the studs rotation axis,
he higher the tangential velocity and the higher the strain rate [23].
herefore, the material in the center of the stud, which mainly forms
he layer’s center, experiences a lower strain rate and consequently
train, resulting in the slightly larger grains in this part of the layer.
he correlation between layer formation, expected strain rates and
esulting grain sizes confirms the results of a previous study that found
maller grains at the interfaces and larger grains in the center of the
ayer within a multi-layer FS stack [13]. Furthermore, it also gives an
xplanation for the observation of smaller grains on advancing side and
etreating side compared to the center reported in the investigation of
hrich et al. [14].
For non-precipitation hardenable aluminum alloys like AA5083, the

rain size is in direct relation with the hardness. Consequently, the
light gradients in terms of grain size within a FS deposit lead to
radients in hardness presented along multi-layer FS build direction,
.e. layers’ thickness in a previous study [13] and in detail for Sam-
le 8 in Fig.C.1(b). As already known from the literature, additional
henomena occur for precipitation hardenable alloys and the evolving
ardness distribution is more complex as it is not only determined by
he grain size, see for instance Appendix C. As the relation between
icrostructure and hardness has already been presented, no further



M. Hoffmann et al.

d
r

s
r
d
𝐵
o
f
S
a
p
o
p
f
s
t
p
t
r
r
i
t
i
r
d
d
t

R

Materials Today Communications 41 (2024) 110337 
Fig. 8. Analysis of the degree of recrystallization by HAGB/LAGB ratio and GOS criteriafor Samples 8 and 9 (common studs containing one single material only).
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iscussion is included in this study for brevity. However, the interested
eader is referred to a previous study by the authors [13].
Besides the different grain sizes within the FS deposit, there is a

ignificant difference in texture between the top region and the other
egions. Whereas the majority of the regions investigated shows ran-
om texture characteristics, a shear-dominant texture (𝐵{1̄12}⟨110⟩∕
̄{11̄2̄}⟨1̄1̄0⟩ texture components [28]) can be observed in the top part
f the deposit for both Al alloys used, Fig. 7, as often reported for
riction stir welding processes of face centered cubic materials [29].
ince the top part of the layer is formed at the rear edge of the stud,
s shown in Figs. 5 and 6, different deposition mechanisms seem to
revail. The layer deposition via the FS principle relies on the formation
f a shearing interface below the rotating consumable stud. The outer
arts of the consumable stud material form the process-characteristic
lash and the material in the assumed contact area is deposited by
hearing off from the stud tip at the shearing interface. In front of
he stud, the material flows towards the substrate forming the main
art of the deposit, Fig. 6. During this part of the layer formation,
he material undergoes severe plastic deformation causing dynamic
ecrystallization, which results in a fine equiaxed grain structure with a
andom texture. The conditions for the FS layer formation are different
n front of the stud and at its rear edge. At the rear edge, the material
hat has already been deposited in front of the studs rotational axis
s present and experiences further consolidation. The material at the
ear edge of the stud is sheared off the stud and consequently un-
ergoes severe plastic deformation, forming the top part of the final
eposit. In this regard, the resulting microstructure of the top part of
he deposit presents a texture dominated by 𝐵{1̄12}⟨110⟩∕𝐵̄{11̄2̄}⟨1̄1̄0⟩
shear components. Compared to the material deposited in the front,
the rear edge material interacts with previously deposited part of the
layer, i.e. shears off, and does not experiences further consolidation as
the translational movement continues. The top part shows a reduced
degree of recrystallization compared to the parts of the layer below, as
shown by two different criteria, i.e. ratio of HAGB to LAGB and grain
orientation spread (GOS) in Fig. 8. The induced plastic deformation
consequently weakens the texture to a certain extent depending on the
selected parameter. The change of process parameters, which influence
the contact radius, is assumed to affect the texture especially in the top
part of the layer in a similar way as observed for the thickness of the
top part, Fig. 3. Using the example of the change in rotational speed,
the influence on the microstructure with focus on the texture in the top
part of the layer is examined in more detail in the following.

In the literature, the influence of rotational speed has been inves-
tigated in experimental and numerical studies. The rotational speed
was found to affect the material flow from consumable stud into
the top part of the deposit [16]. With regard to the microstructure,

ahmati et al. [11] stated that an increased rotational speed leads to s

9 
oarser grains for AA2024 deposits over AA1050 substrates. This is in
greement with Aval [30], who found that a minimum grain size could
e observed for low rotational speeds as well as low axial feed rates for
he deposition of AA6061. However, the EBSD measurements in this
tudy, did not reveal a clear trend for rotational speed and grain size.
he top regions of the respective AA2024 and AA5083 layers, do not
resent a significant difference in terms of grain size, Fig. 9.
However, the rotational speed influences the texture evolution for

he top region of the AA2024 and AA5083 layers, as shown in Fig. 9
y means of inverse pole figure map and pole figure. The pole figures
or the lowest rotational speed, i.e. 600 rpm, show the highest tex-
ure intensity with a dominance of 𝐵{1̄12}⟨110⟩∕𝐵̄{11̄2̄}⟨1̄1̄0⟩ texture
components [28]. For both alloys, the texture intensity is decreasing
with an increase of rotational speed, indicating a less pronounced shear
deformation. Similar findings were reported by Yu et al. [12] and
Rahmati et al. [31], analyzing the texture in the center of the layers,
for AA6061 layers on Q235 substrates and for AA2024 deposits on
AA1050 substrates, respectively. In the present study, however, the
microstructural analyses in the center of all layers showed no dominant
textural component, indicating that only in the top part of the layer,
larger amounts of shear strain were introduced to the material during
the process. By increasing the rotational speed, the process temperature
increases [32] and the deposited material experiences more plastic
deformation. Furthermore, for a force-controlled process, keeping the
axial force constant at 8 kN, the lower radius of the assumed contact
area leads to a higher pressure where the material is sheared off. These
effects lead to a higher strain, which enhances dynamic recrystalliza-
tion during the deposition process. As a result, the texture intensity
decreases.

Besides the change of texture intensity, the thickness of the area
presenting shear texture depends on rotational speed as well. The
inverse pole figure maps in Fig. 10 represent scans from the top of the
ayer towards the center from right to left for AA5083 layers that were
nalyzed regarding their texture in 100 μm segments. For an increasing
rotational speed, the thickness of the textured area decreases. This ob-
servation correlates with the results from the layer formation analysis,
as for higher rotational speeds the top part of the layer formed by the
outer stud material decreases in thickness as well.

At a lower rotational speed, the radius of the assumed contact area
increases, Table 2, and therefore a larger amount of material is sheared
off the stud tip at the rear edge of the consumable stud. Hence, more
material is deposited from the outer area of the stud, i.e. at higher 𝑟𝑐
alues. As a result, the shear textured area is thicker at lower rotational

peeds.
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Fig. 9. Influence of rotational speed on the texture evolution in the top part of the layers. The projections of ideal shear texture components for face-centered cubic metals are
displayed in the (110) and (111) pole figures below [33].
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. Conclusions

The study presents an insight into the layer formation during FS
eposition and investigated the influence of layer formation on mi-
rostructural properties. The analysis was performed using a special
tud configuration with different inner (AA5083) and outer (AA2024)
tud materials, to visualize how the two materials contribute to the
ormation of different parts of the deposit. Additionally, common studs
f AA2024 and AA5083 were used for validation of the respective
echanisms by microstructure analysis. In contrast to other material
low approaches, the special stud configuration in combination with
n-depth analyses from stop action experiments allowed an unprece-
ented insight into the FS layer formation. The main findings can be
ummarized as follows:

• A characteristic layer formation pattern can be observed inde-
pendent of the selected process parameters. Only material of the
outer periphery of the stud is located in the top region and the
advancing side of the layer. The inner material is deposited in
the center of the layer. Material mixing, but no chemical mixing,
of both materials occurs on the retreating side and slightly in the
bottom region.

• The FS process parameters have significant effect on the ratio
and distribution of inner and outer stud material in the deposited
layer. A higher percentage of inner material is deposited for
increased values of axial force and rotational speed as well as for
decreased travel speeds.

• The top region of the layer is formed at the rear edge of the stud
from retreating side towards the advancing side.

• The smallest average grain sizes are observed in the regions of the
layer where mainly outer stud material is deposited. Thus, largest
grain sizes are observed in the layers’ center. This characteristic
might be related to the process strain rates, as material from the
outer part of the stud experiences higher strain rates leading to

smaller grains. (

10 
• A pronounced texture was only observed in the top region of the
deposits, where texture components (𝐵{1̄12}⟨110⟩∕𝐵̄{11̄2̄}⟨1̄1̄0⟩)
indicate shear texture. The texture in this part of the deposit
can be related to the layer formation mechanism, i.e. the top
part is formed at the rear edge of the stud, where the material
flow conditions differ compared to in front of the stud. The
intensity as well as the thickness of the textured areas decrease
with increasing rotational speeds.
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Fig. 10. Influence of rotational speed on texture and shear layer thickness in the top part of the AA5083 layers. The scans were divided into segments of 100 μm length for the
analysis. The right side of the inverse pole figure maps corresponds to the top of the layers, the left side is the central region of the layer.
Appendix A. Layer formation analysis using different stud mate-
rial combinations

In order to show that the layer formation phenomena observed
with AA2024/AA5083 special consumable studs are valid for different
material combinations, tests were carried out with reverse inner and
outer stud material, i.e. AA5083 as outer and AA2024 as inner stud
aterial, where all dimensions were kept constant. One exemplary
ross section is shown in Fig. A.11. Overall, similar observations were
made, see Fig. 3, which indicates that the observed layer formation
characteristic is a general phenomenon for FS layer deposition.
11 
Appendix B. Chord length distribution

The directional resolved chord length distribution (CLD) of the
grains was determined based on the work of Latypov et al. [34]
using their free MATLAB code ‘calc_CLD’ at an angle resolution of 1◦.
All EBSD scans performed in this study obtained an equiaxed grain
morphology as illustrated in Fig. B.1.

Appendix C. Correlation of hardness with layer formation

To correlate the layers’ local mechanical properties in terms of hard-
ness with the layer formation, the samples 8 (AA5083) and 9 (AA2024)
were chosen for analysis of the hardness distribution, Fig. C.1.
Fig. A.11. Macrograph for FS layer deposited with reversed stud materials, i.e. AA5083 (outer material) and AA2024 (inner material) at 6 kN, 800 rpm and 6 mm/s.
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Fig. B.1. CLD maps of samples 8 (AA5083) and 9 (AA2024) in all scanned regions.
Being among the non-precipitation hardenable aluminum alloys, the
rain size is one major aspect determining the strength of AA5083.
he hardness distribution of the AA5083 deposit, Fig. C.1(a), presents
a hardness, which is in the range of the base material (93 ± 6
HV0.1). However, slight gradients are observable within the layer,
where slightly higher values can be observed on the advancing side
and in the top part, i.e. 93.5 ± 0.3 HV0.1 (advancing side) and
91.0 ± 0.4 HV0.1 (top), respectively. The rest of the layer presents
a slightly lower hardness of 84.9 ± 0.9 HV0.1, which results in a

hardness difference between advancing side and retreating side of 7.6%

12 
for AA5083 (Sample 8). Overall, the regions of slightly higher hardness
are in good agreement with the regions, where smaller grains have been
detected, for AA5083. This phenomenon can be related to the Hall–
Petch strengthening effect [35] which plays a major role for this alloy,
which was also observed for MLFS structures along build direction [13].

In contrast, AA2024 is a precipitation hardenable alloy and the
characteristic hardness distribution of the FS deposit shows a different
appearance, Fig. C.1(b). The hardness difference between advancing
side and retreating side is less pronounced for AA2024 (1.5%) and

the layer rather shows a continuous decrease in hardness from top
Fig. C.1. Hardness distribution of samples 9 (AA2024) (a) and 8 (AA5083) (b).
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(138.0± 1.7 HV0.1) to bottom (121.0± 1.0 HV0.1), which was noticed
for FS/MLFS of precipitation hardenable aluminum alloys before [13,
36]. The precipitation hardening is one major strengthening mechanism
for AA2024 and since the top part of the layer is formed at the rear edge
of the consumable stud, Fig. 6, it experiences the process temperature
over a shorter period of time compared to the material that is deposited
at the front, which might cause less overageing.

Overall, the non-precipitation hardenable AA5083 presents a clear
relation between the local microstructure that evolved due to the FS
layer formation and the hardness. For AA2024, the additional aspect
of precipitates has a more pronounced effect on the resulting hardness
distribution compared to local microstructural gradients.
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